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RÉSUMÉ.— Introductions multiples et mélange à l’origine de l’expansion continentale du champignon 
pathogène du bananier Mycophaerella fijiensis en Amérique centrale : un test statistique utilisant le calcul 
bayésien approché.— La reconstruction des histoires d’invasions est l’un des principaux défis de la biologie des 
invasions. L’ascomycète Mycophaerella fijiensis, agent causal de la maladie des raies noires des bananiers, en 
provenance d’Asie du Sud-Est, a commencé à envahir le continent américain en 1972 et est aujourd’hui présent 
dans toutes les régions productrices de bananes d’Amérique. Dans une précédente étude de la structure génétique 
des populations à l’échelle mondiale, nous supposions que l’invasion américaine pourrait avoir résulté 
d’introductions multiples et de mélange. Ici, nous avons cherché (i) à tester statistiquement cette hypothèse, et (ii) 
à inférer les caractéristiques démo-génétiques de cette introduction, en utilisant une technique de choix de scénario 
par calcul bayésien approché (ABC). Pour ce faire, nous avons confronté sept scénarios d’introduction de la 
maladie à des données précédemment acquises de génotypage à 21 locus microsatellites de six populations 
américaines, deux populations d’Asie du Sud-Est et une population océanienne. Nous avons pu démontrer 
fermement une contribution de l’Océanie à cette invasion, le scénario de mélange ayant reçu une probabilité a 
posteriori élevée (environ 0,7). Les populations sources semblent avoir des tailles efficaces élevées (de l’ordre de 
104). Les populations envahissantes ont subi un goulot d’étranglement fort, de l’ordre d’une centaine d’individus 
pendant environ 5 ans (50 générations). Au total, ces résultats sont cohérents avec les données historiques et sont 
compatibles avec l’hypothèse que l’invasion ait commencé à partir de souches fongiques importées 
accidentellement via des plants de bananiers ramenés de provenances diverses au Honduras dans une collection 
visant l’amélioration variétale. 
SUMMARY.— The reconstruction of the routes of invasions is one of the major challenges of invasion 
biology. The Ascomycete Mycophaerella fijiensis, causal agent of the Black Leaf Streak Disease of banana, 
stemming from South-East Asia, has started invading the American continent in 1972 and is now present in all 
American banana-producing regions. In a previous population genetics study at a global scale we suspected that 
the American invasion could have resulted from multiple introductions and admixture. In the present study, we 
aimed at statistically testing this hypothesis using Bayesian scenario choice based on Approximate Bayesian 
Computation and at inferring the demo-genetic characteristics of this introduction. To do so, we have confronted 
seven scenarios of disease introduction to previously acquired data consisting of molecular genotyping at 21 
microsatellite markers of six American populations, two South-East Asian populations and one Oceanian 
population. We were able to firmly demonstrate a contribution of Oceania to this invasion. The admixture scenario 
received a high posterior probability (about 0.7). Parameter inferences suggest equilibrated contributions of 
Oceania and South-East Asia to the American invasion. The source and current invasive populations seem to have 
high effective population sizes (of the order of 104). Invasive populations went through a drastic bottleneck of the 
order of one hundred individuals for about 5 years (50 generations). Altogether these results are very congruent 
with historical data and are compatible with the assumption that the invasion started from fungal strains 
accidentally imported on infected banana plants brought back into Honduras from diverse origins in a collection 
built for the purpose of plant breeding. 
__________________________________________ 
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Many emerging infectious diseases of plants are associated with a geographical range 
expansion and can be considered as biological invasions (Anderson et al., 2004). In such cases, 
understanding the factors underlying emergence requires a good knowledge the routes of 
introduction, i.e., the geographic pathways followed by propagules between the source and 
invading populations. The genetic variability available in the early stages of invasion is 
determined by the number and genetic composition of source populations, the demographic 
contribution of each source, the number of introduced individuals, the number of intermediate 
introduction steps between the source and the invaded region, and the dynamics of demographic 
expansion after each introduction (Estoup & Guillemaud, 2010; Guillemaud et al., 2011). Such 
knowledge is a prerequisite to the identification of phenotypic and genetic changes that may have 
been crucial to trigger emergence, as it allows precisely comparing each invasive population to its 
own source population(s) (Dlugosch & Parker, 2008). By deciphering the routes of invasions, it is 
also often possible to infer the modes of disease propagation at different geographical scales and 
notably distinguish between natural and human-mediated propagation. Altogether such studies 
provide important information for the design and optimization of prevention, quarantine, and 
management strategies of emerging infectious plant diseases (Estoup & Guillemaud, 2010; Barrès 
et al., 2012). 
The inference of invasion history has long relied on a fine interpretation of descriptors of 
population genetic structure such as diversities and differentiation indices. But in the last decade, a 
new set of methodologies has emerged that, in principle, allows confronting concurrent complex 
demographic and evolutionary scenarios to genetic data within a statistically grounded framework. 
These are based on Approximate Bayesian Computation (ABC, Beaumont et al., 2002). In ABC 
the limiting step of very complex likelihood computations is replaced by an approximation of the 
likelihood, obtained by simulating data sets under considered scenarios and selecting the simulated 
data sets that are closest to the observed data on summary statistics (Beaumont et al., 2002). It has 
already been successfully used to reconstruct the introduction pathways of several invasive species 
(e.g., Miller et al., 2005; Guillemaud et al., 2011) among which some plant pathogens (Barrès et 
al., 2012, Dutech et al., 2012). Both the Bayesian nature of ABC and the approximation at the core 
of the technique require that it should be used with caution and properly validated (Bertorelle et 
al., 2010; Cornuet et al., 2010). Validation of ABC analyses may rely on two practices. The first is 
to test the robustness and precision on the method using datasets produced by simulation with 
known scenarios and parameter values (the so-called pseudo-observed data sets or PODs, Cornuet 
et al., 2008, 2010, 2014). The second is to replicate the analysis on several independent population 
samples of both invaded and source areas (Lombaert et al., 2015). 
Here, we propose to illustrate these approaches on the continental invasion of Central 
America by the devastating fungal plant pathogen Mycosphaerella fijiensis, the causal agent of the 
Black Leaf Streak Disease of banana (BLSD also known as Black Sigatoka; Rhodes, 1964). BLSD 
is the most economically important disease of bananas (Jones, 2000) and an important food-
security threat worldwide (Pennisi, 2010). While its host plant (genus Musa) has been established 
across the tropics and subtropics for several centuries (Perrier et al., 2011), the emergence of M. 
fijiensis only started in the 60’s, with a first mention in Fiji in 1963 (Rhodes, 1964) and a rapid 
propagation in the Pacific Islands. In hindsight it appeared that the disease had already observed in 
the early 1950’s in New Guinea and Solomon Islands, which were consequently proposed as the 
likely centre of origin of the disease (Stover, 1978). Later, population genetics studies confirmed 
that the centre of origin includes this area, but they also suggested that it could be much wider 
(including Indonesia and South China Sea countries, Carlier et al., 1996; Rivas et al., 2000; Robert 
et al., 2012). It was first described in Africa and America in the early 70’s, and from there invaded 
the whole inter-tropical belt in less than 40 years. Historical observations and hypotheses about the 
outbreaks and propagation of the disease around the world are available (reviewed in Jones, 2000), 
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but do not by themselves constitute reliable indications to track routes of introduction (Robert et 
al., in revision). 
On the American continent, the disease was first detected during important epidemics in 
Honduras in 1972, but it could have been there several years before under a “quiescent” form 
(Stover & Dickson, 1976; Stover, 1980). These initial epidemics have occurred in a collection of 
banana varieties comprising samples imported since 1960 from various countries of South-East 
Asia to improve commercial banana varieties (Rosales et al., 1999). From this point, historical 
records suggest that the disease has progressed gradually from country to country (Mourichon & 
Fullerton, 1990). This was confirmed by population genetic analyses showing an absence of clear 
genetic structure within countries and a large-scale pattern of isolation by distance between 
countries (Halkett et al., 2010; Robert et al., 2012). In a recent population genetics study, relying 
on a worldwide collection of pathogen samples (25 populations and isolated strains from 37 
countries), and both microsatellite and sequence markers, Robert et al. (2012) found that the 
American invasion was genetically related to both populations from South-East Asia (Malaysia, 
Indonesia, Papua New Guinea, Philippines, Taiwan), as well as to invasive Oceania populations 
(Fiji, New Caledonia, Tonga). In a Bayesian clustering analysis using STRUCTURE (Pritchard et al., 
2000), it was consistently found that out of 10 independent runs, two suggested a single origin 
likely in Oceania and eight suggested a possible admixture between Oceania and South-East Asia. 
In addition to this uncertainty about the identity and contribution of possible source populations, 
neither the intensity of bottlenecks at introduction nor the current effective population size is 
presently known.  
In the present study, we conduct a systematic ABC scenario choice analysis to address the 
following questions: (i) Does the American invasion stem from an admixture between Oceania and 
South-East Asia populations? (ii) Have bottlenecks accompanied this introduction and, if yes, may 
we infer their intensity? 
MATERIALS AND METHODS 
STUDIED MODEL 
Mycosphaerella fijiensis is a haploid heterothallic fungus displaying both an asexual reproduction and a regular sexual 
reproduction at almost all disease cycles (sexual spores called ascospores are produced after 30 to 40 days in favourable 
conditions, Jones, 2000; Churchill, 2011). The number of sexual generations each year is thus about 10. In installed 
epidemics, sexual reproduction is frequent enough for populations to be at Hardy-Weinberg equilibrium at the plantation 
scale (Carlier et al., 1996; Rivas et al., 2000; Halkett et al., 2010). As spores (conidia) produced asexually can disperse 
over scales of a few metres only, wind-dispersed ascospores are considered a more important source of inoculum for the 
spatial spread of the disease as they might be carried over several hundreds of kilometres (Jones, 2000; Rieux et al., 2014). 
Anthropogenic activities may also accelerate the dispersal of the disease by the transport of infected plant material 
(planting or packing material). 
DATA 
We used part of the data set analysed by Robert et al. (2012) (Tab. I, Fig. 1). In brief, samples were derived from a 
historical laboratory collection preserved in glycerol at -80°C. Each individual corresponded to a strain derived from a 
single ascospore isolated from an infected banana leaf. Population samples were composed of individuals sampled 
simultaneously on several leaves of neighbour banana trees from the same plantation. Most banana hosts were susceptible 
clones belonging to the AAA and AAB genome groups. DNA extraction from growing mycelium was carried out as 
described in Halkett et al. (2010). Individuals were genotyped at 21 microsatellite markers described in Neu et al. (1999), 
Zapater et al. (2008) and Robert et al. (2010). In the present analysis we included two samples from Honduras respectively 
collected in 1999 and 2009 and one sample from each of the following countries Costa Rica, Colombia, Panama and 
Venezuela. Oceanian islands were represented by the only sample of sufficient size available in our collection: Fiji. South-
East Asia was represented by Philippines and Malaysia. Ideally it would have been desirable to include a sample from 
Papua New Guinea, as sequence-based analyses suggested a genetic proximity with American samples (Robert et al., 
2012). But the only sample available is in fact composed of individuals collected in various localities and cannot be 
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considered as a population sample. It is thus unsuitable for the type of ABC analyses that we applied. Basic population 
genetic properties of the studied populations are available in Robert et al. (2012). 
 
TABLE I 
Characteristics of the samples included in the study. HE stands for unbiased estimate of gene diversity (Nei 1978) and Ar 
for allelic richness (computed using the rarefaction method implemented in HP-RARE, Kalinowski 2005) 
 
 
 
 
 
 
Figure 1.— Map of the samples included in the study with the corresponding dates of first report (from Jones 2000). 
SCENARIOS 
We designed a set of seven scenarios to test whether the American invasion stemmed from a single introduction or 
from multiple introductions followed by admixture and to specify the contributions of potential source populations to the 
invasion (Fig. 2). Scenarios 1 to 4 assume that the American sample was founded through an admixture from two source 
populations. In scenario 1, it is assumed that the sampled American population derives from the admixture of two sampled 
populations, one in South-East Asia, and the other in Oceania. As we do not have many samples from these source regions, 
it is possible, if not likely, that the American sample stemmed from two source populations that were not directly sampled. 
Scenario 2 considers the case where the South-East Asia source was not sampled. Scenario 3 assumes that the Oceania 
population was not sampled. Scenario 4 assumes that none of the two true source populations was sampled. Scenarios 5 to 
7 assume that a single source population contributed to the invasion. In scenario 5, the American invasion stemmed from 
the sampled Oceania population. In scenario 6, it stemmed from the sampled South-East Asia population. In scenario 7, it 
was founded by an unsampled population. In all scenarios, we modelled a bottleneck at the foundation of both the 
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Oceanian population and the American population. The introduced populations were assumed to be isolated from each 
other and from the source population after the introduction with no exchange of migrants. 
 
 
 
 
Figure 2.— The seven scenarios under comparison. 
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TABLE II 
Prior distributions of demo-genetic parameters used in scenario choice 
 
 
*Dates of population foundation are those used for analyses including American samples from 1999 (early sample from 
Honduras, Costa Rica and Panama).  For analyses including samples from 2009 (late sample from Honduras, Colombia and 
Venezuela), 100 generations were added to these values. 
 
TABLE III 
Posterior probabilities of the seven scenarios tested. Confidence intervals are given into brackets. In bold are highlighted 
the highest posterior probabilities for each of the nine replicate tests 
 
 
ABC IMPLEMENTATION 
Twelve independent ABC scenario choice analyses were conducted using different combinations of the populations 
available in each of the three origins (America, Oceania, South-East Asia, Tab. III) as recommended by Lombaert et al. 
(2015). For each of these 12 replicate analyses, all usual steps of ABC were conducted using the software DIYABC 2.1.0 
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(Cornuet et al., 2008, 2010, 2014). For each sample triplet, one million simulated data sets were produced using 
coalescence algorithms implemented in DIYABC. Simulations started with the latest sampling, i.e., 1999 for the six analyses 
including the early sample from Honduras, Costa Rica, and Panama, and 2009 for the six analyses with the late sample 
from Honduras, Colombia, and Venezuela. 
PRIOR DISTRIBUTIONS OF PARAMETERS 
Parameters were drawn in the prior distributions described in Table II. Priors on effective sizes were chosen large and 
uninformative because knowledge about the population biology of M. fijiensis is scarce. We used a generalized stepwise 
mutation model to simulate mutations at microsatellite markers. Each locus l was affected a specific mutation rate µl and a 
specific coefficient of the geometric distribution of mutation length Pl. These locus-specific parameters were drawn from 
gamma distributions with shape 2 and means µ and P, themselves drawn from uniform priors. Dates for the American and 
Oceanian population foundations were drawn from uniform priors. We considered that the American population was 
founded between 1965 and 1972. We also considered that Fiji was founded before 1964, but not before the early XXth 
century. 
For each of the seven scenarios, prior choices were validated using a principal component analysis (PCA) in the space 
of summary statistics considering 1000 random simulated datasets (i.e., with parameter values drawn from the priors). Then 
the observed data set was projected as supplementary individual and it was visually checked that if fell well within the 
variability of simulated data (Fig. 3). 
 
 
 
Figure 3.— Validation of prior choices. 
SUMMARY STATISTICS 
The similarity between real and simulated datasets was measured using 24 summary statistics: the mean number of 
alleles, mean expected heterozygosity, and mean allelic size variance of each sampled population and of each pair of 
populations, pairwise FST and shared allele distance between all pairs of populations. Other statistics available in DIYABC 
were left aside for later use in model checking. 
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POSTERIOR PROBABILITIES AND DISTRIBUTIONS 
Posterior probabilities of each scenario were computed by performing a polychotomous weighted logistic regression 
on the 1% of simulated datasets closest to the observed dataset (Cornuet et al., 2008, 2010) after linear discriminant 
analysis on summary statistics (Cornuet et al., 2014).  
After scenario choice, we proceeded to parameter inference under the most probable scenario. Posterior distributions 
of parameters were evaluated under this scenario using a local linear regression on the 1 % closest simulated data sets with 
a logit transformation. The medians of posterior distributions were used as point estimates. 
ABC VALIDATION 
Confidence in scenario choice was tested using additional simulations. Specifically, 500 pseudo-observed data sets 
(PODs) were simulated under each of the rejected scenarios drawing parameters into prior distributions. Their posterior 
probabilities were computed as described above. The type II error rate was then computed as the proportion of PODs for 
which the posterior probability is highest for the retained scenario, although it is not the one that has served in generating 
the data (Cornuet et al., 2008).  
The precision of parameter inference was then assessed using 500 pseudo-observed data sets with known parameter 
values drawn from the prior distributions. Model checking, i.e., the assessment of the goodness-of-fit of the obtained 
scenario and parameter values was performed using 500 PODs simulated using the posterior distributions of parameters. 
For each summary statistics available in DIYABC and not already used in parameter inference (Mean Garza-Williamson’s 
M index, Maximum Likelihood coefficient of admixture, (dµ)2 distance between samples), the observed value was ranked 
against the distribution of the corresponding statistics in the PODs. We found that all the statistics tested fell well within 
the posterior distribution when applying the model checking to the obtained scenario (data not shown). 
RESULTS AND DISCUSSION 
Posterior probabilities of the seven scenarios obtained with each of the 12 replicate sets of 
populations are given in Table III. 
A CLEAR OCEANIAN CONTRIBUTION TO THE AMERICAN INVASION 
A first observation is that four scenarios (3, 4, 6 and 7) received very low statistical support. 
These are all scenarios with no explicit contribution of the sampled Oceanian population: Fiji. We 
can thus exclude the possibility that the American invasion was only caused by a South-East Asia 
population. In other words, there has been a non-negligible contribution of Oceania in this 
invasion. Although scenarios accounting for the possibility that this contribution was made by 
other populations than Fiji (scenario 4) were also rejected, it would be premature to conclude than 
Fiji directly contributed to the invasion. A proper test of this hypothesis would require a 
specifically designed ABC test with other Oceanian samples to compare Fiji with. 
THE PROBABILITY OF ADMIXTURE 
In all 12 replicate analyses, scenario 2 received the highest posterior probability ranging from 
0.57 (95 % CI: 0.54-0.60) to 0.86 (95 % CI: 0.85-0.87). Scenario 2 describes the American 
invasion as the result of an admixture between Fiji and an unsampled South-East Asian 
population. Two other scenarios were associated with non-negligible posterior probabilities. 
Scenario 1, which assumes that American invasion started following an admixture between Fiji 
and the sampled South-East Asia population, obtained posterior probabilities up to 0.25 (95 % CI: 
0.23-0.27) with the triplet Venezuela, Fiji and Philippines. Lastly, scenario 5, which assumes that 
the American invasion was founded solely by Oceania, received posterior probabilities ranging 
from 0.07 (95 % CI: 0.05-0.07) to 0.25 (95 % CI: 0.24-0.28). Table IV details the errors made by 
this scenario choice analysis for the first replicate (early sample from Honduras, Fiji and 
Philippines). The overall type II error rate associated with scenario 2 was low (0.047). It is 
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maximal for scenarios 5 (0.104) and 1 (0.076). Over the 12 replicate analyses, the inferred rate of 
admixture laid between 0.4 (95 % CI: 0.24-0.87) and 0.62 (95 % CI: 0.27-0.89). 
 
 
TABLE IV 
Confidence in scenario choice for the first replicate test (samples HND99, FIJ and PHL).  For each scenario, 500 pseudo-
observed data sets were produced by simulations, and their scenario was then inferred using the ABC procedure described 
in the text. The type II error associated with scenario 2 is the proportion of PODs simulated under scenarios other than 2, 
for which scenario 2 received the highest posterior probability. The global type II error of scenario 2 is 0.048 
 
 
 
Altogether, our results strongly support the hypothesis that the American invasion was 
initiated following multiple introductions and admixture. Although our sampling of potential 
source areas is far from complete, the analysis suggests that the source populations are related to 
Fiji on the one hand and Philippines on the other hand. Malaysia was excluded as a possible 
source population. 
STRONG BOTTLENECKS AT INTRODUCTION 
Estimates of effective population size under scenario 2 were associated with low precision 
(Tab. V), but were rather constant across the 12 replicate tests (only the first is shown). 
Contemporary effective population sizes were of the order of 50 000 for South-East Asian 
populations and 10 000 for the Oceanian invasive populations. These values are remarkably 
concordant with estimates obtained in the African continent using both DIYABC and MSVAR. They 
also are congruent with effective population size estimates obtained for the fungal pathogen of 
Hevea Microcyclus ulei in Latin America (Barrès et al., 2012) and much higher than those of most 
other eukaryotes (Charlesworth, 2009). In all tests, the introduction in America was associated 
with a bottleneck severity (i.e., the ratio of duration over effective size) of 0.4. This represents the 
equivalent of 65 individuals over 150 generations (around 15 years). The contemporary effective 
population size of American populations was associated with a very poor precision but seemed 
much lower than that of the Oceanian population. Possible explanations may be that these 
populations had not yet recovered from the original bottleneck at the time of sampling, or 
alternatively that they go through recurrent periods of low population size because of treatments 
on banana producing areas. 
THE HISTORY OF AN INVASION 
Obviously, without a precise inference of parameters, these results do not allow any conclusion 
about the precise way the introduction occurred. They are intriguingly congruent with the 
assumption that the invasion was initiated in a Honduran banana collection. 
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TABLE V 
Parameter inference, bias and precision of the median of posterior distributions as parameter estimate. The samples used 
were HND99, FIJ and PHL and the scenario considered was scenario 2.  As compared to scenario choice analysis, two 
million simulations were conducted and priors were slightly modified with (i) bottleneck effective size ranging from 1 to 
200 and bottleneck durations ranging from 0 to 200 generations (ii) tam drawn in a lognormal distribution with a mode at 
270 and (iii) toce drawn in a lognormal distribution with a mode at 360 
 
 
 
Banana varieties used in such plant-breeding program are usually sought for in the centre of 
origin and domestication of Musa, which is South-East Asia. Stover (1978) also described frequent 
movements of plant material from Pacific to the American continent via Hawaii at that time. 
Historical data suggest that the disease was present in the Honduran banana collection a few years 
before the start of invasion in 1972 (Stover & Dickson, 1976). This lag time, which is frequently 
observed in invasions, nicely fits the duration of bottlenecks inferred here. We currently have no 
information regarding the causes of this lag. At low density, disease persistence mainly relies on 
the production of asexual spores, called conidia, which are known to disperse at very low distance 
(a few meters away, Rieux et al., 2014). The species being haploid and heterothallic, the 
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production of sexual spores, able to disperse over much longer distances (several hundred meters 
on average, Rieux et al., 2014), requires that two necrotic lesions of compatible sexual signs (one 
+ and one –) lie sufficiently close to each other on the same banana leaf to exchange gametes. 
Sexual reproduction, and thus efficient dispersal, therefore requires high densities. The lag time 
may thus well correspond to the time necessary for this threshold density to be met. A non-
exclusive hypothesis is that some genetic changes may have been necessary for the disease to 
adapt to the environmental context where it was introduced. 
FUTURE PROSPECTS 
The present study suggests that the American invasion stemmed from an admixture between 
Oceanian and South-East Asian populations. It adds to other population genetic inference studies 
showing that the African invasion was founded following a single introduction from one of the 
populations of South China Sea (Malaysia, Philippines, Taiwan, Robert et al., in revision). 
Altogether these results pave the way to more efficient studies of potential adaptive phenotypic 
and genetic changes underlying the global success of M. fijiensis by allowing comparing American 
and African invasive populations to their corresponding source populations. 
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